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Solution deposition of thin film photovoltaic materials leads to large variations in the 
morphological and chemical compositions of the film. In order to improve device 
functionality, it is important to understand how morphology and chemical composition 
affects charge generation, separation, and collection. This PhD work will first study bulk 
methods in order to characterize materials in solution and films. The results are then 
correlated with microscopy studies examining morphology. Other methods used in this 
PhD work will directly couple spectra and microscopy. Microscopic regions of such films 
and devices can be illuminated using scanning confocal microscopy or near-field 
scanning optical microscopy (NSOM), which allows for one to directly probe regions of 
the film at or below the optical diffraction limit. By scanning the sample over a fixed 
laser spot we can simultaneously create image maps of the topographical, electrical and 
optical properties. This technique, known as laser beam induced current (LBIC) allows 
one to directly probe a local area of a device with 100-300nm resolution. Along with bulk 
device efficiency studies, near field and confocal data of inorganic and organic materials 
are investigated. These include devices fabricated with a blend of P3HT (poly[3-
 vii 
hexylthiophene]) and perylene diimide derivatives, and Cu(InxGa1-x)Se2 [CIGS] 
nanoparticle devices.  Finally, we use a new device architecture, a lateral organic 
photovoltaic (LOPV) in order to spatially resolve transport in functional organic devices. 
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Chapter 1: Introduction to Dissertation:  Using scanning probe 




Chapter 1:  Dissertation Overview 
 
As the world becomes more energy dependent with technological advances 
increasing energy consumption, we need ways to consume less energy and low cost 
sources of renewable energy.  Solution deposited thin film semiconductors made from 
conjugated polymers, small molecules, or inorganic nanoparticles offer cheap and 
efficient methods compared to their alternative more expensive bulk inorganic 
counterparts.  Although the most widely used solar cell, silicon, has shown efficiencies 
upward to 23%, the high processing temperatures and low absorption coefficients have 
inhibited lower costs preventing wider spread use of the technology.1-3  Solution 
deposited materials, on the other hand have shown more versatility because of their low 
temperature processing and ability to be deposited on flexible substrates.  Nanoparticles, 
for example, such as Cu(In1-xGax)Se2 [CIGS], provide higher stability, but still suffer from 
low efficiencies and morphological effects.  However, there is a lack of understanding the 
fundamental chemistry and physics of solution deposited materials, which is believed to 
be the reason for the low efficiencies.4-18 
Organic materials are of great interest because of the ability to tune the separation 
of the HOMO and LUMO levels in order to collect more of the solar spectrum.  
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Furthermore, high absorption coefficients allows for the use of less materials.  In order to 
make charge transfer favorable and overcome the Coulomb attraction of the electron and 
hole, the difference in energies of the donor and acceptor materials must be greater than 
0.1-0.3 eV .19, 20   However, organic materials have limited efficiencies, 5-10%, due to 
their low stability, small dielectric constants, and small exciton diffusion lengths as well 
as high Coulombic attraction of the electron-hole pair.  The best organic devices are 
fabricated by creating bulk heterojunctions (BHJs), which are complex mixtures of 
polymers and molecules.   
As shown in Figure 1, the morphology of the BHJ film varies with domains 
ranging from crystalline to amorphous consisting of phase segregated aggregates of the 
donor and acceptor materials. 21,22 The morphology of a film affects the interface between 
the donor and acceptor and makes it difficult to understand how charge separation and 
transfer occurs.  Charge separation happens at the interface between donor and acceptor 
materials and may be affected by morphological changes.  However, the mixing of the 
donor and acceptor materials makes probing the location of exciton separation difficult. 
Many analytical techniques are used to study the morphology of mixed blends 
using a number of techniques, including atomic force microscopy (AFM), kelven probe 
force microscopy (KPFM), electrostatic force mircroscopy (EFM), photoconductive 
AFM (PC-AFM), near-field optical microscopy, and confocal microscopy. AFM 
techniques have the unique ability to measure surface topography at the nanoscale.  The 
non-contact AFM technique works by attaching a probe to a cantilever, which oscillates 
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at a specific frequency. A drive voltage oscillates the tip at its peak frequency, while a 
laser is reflected off the cantilever on to a diode to monitor the tip oscillation.  As the tip 
approaches the sample, the tip interacts with the sample governed by van der Waals 
forces.  These forces dampen the oscillation, and the tip can then be held at a constant 
height above the sample using a feed back loop.  Atomic resolution has been achieved 
using noncontact AFM.  However, AFM only measures surface topography and is not 
chemically specific.   
AFM has been coupled with other techniques in order to simultaneously 
characterize the electrical or optical properties and the topography.  For example, KPFM 
has the unique ability to measure the local work function of a material.  This method was 
used to measure the work function of oligothiophene aggregates,23 change in 
photovoltages after photobleaching,24 as well as correlating morphology to charge 
trapping.25  EFM along with time resolved EFM has been used to spatially resolve the 
time it takes for charging to occur in films and relate it to changes in the composition of 
blends.26  Lastly, an AFM tip has been used as a top electrode, in which the photocurrent 
is collected through the tip (PC-AFM).27  
Our work focuses on two methods, NSOM and scanning confocal microscopy.  
Confocal microscopy simply uses a focused laser to image a sample.  By scanning the 
sample across the focused beam, an optical image is formed pixel by pixel.  NSOM, on 
the other hand, produces a topographic and optical image.  It has been described 
elsewhere, but briefly images are collected using a Topometrix Aurora NSOM.28-30 The 
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NSOM probes are made in house by coating a tapered single mode fiber optic with 
~100nm of aluminum at the end of the tip.  The sizes of the tips were imaged using 
scanning electron micrographs and it was found the apertures are 75-100 nm.  The 
NSOM tips are mounted on to a tuning fork and the tip is held at a constant height above 
the sample at ~5 nm using a piezo-electric stage detected by shear force.  Excitation of 
370 nm light was coupled into the fiber optic by first frequency doubling the emission 
from a Ti:Sapphire laser.  Near the near-field probe is an evanescent electric field, which 
is laterally confined by the size of the aperture and is used to excite the sample to obtain 
the optical image.  The fluorescence is collected through a 0.6 NA objective and is 
focused onto an avalanche photodiode.  Scanning the stage, while holding the tip at a 
constant distance, creates a topographical and optical image of the sample.   
Scanning confocal microscopy along with NSOM has been used to not only study 
the optical and topography properties, but to also measure the local photocurrent 
simultanesously.31-33  The work in this dissertation attempts to understand some of the 
underlying effects of morphology by studying multilayer organic light emitting diodes 
(OLEDS), vertical and lateral organic photovoltaics (LOPVs) and inorganic PVs with the 
use of near-field scanning optical microcopy (NSOM) and scanning confocal 
microscopy.  By developing techniques to study morphology in solution, thin films, and 
under device operation we hope to further the understanding of how morphology affects 
device functionality and explain charge separation and transfer in a range of 
semiconductor materials.   
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Chapter 2:  Morphology of bilayers in OLEDs 
 In Chapter 2 NSOM is used to understand the morphology of bilayer organic light 
emitting diodes in order to understand dewetting of the electron transporting layers 
(ETLs) for OLEDs.  The ETL is a polymer or small molecule electrolyte that is spin cast 
on top of the emissive layer.  Because of the water insolubility of most light emitting 
organic molecules or polymers, the water soluble electrolytes can be directly spin cast 
over the top layer to create a bilayer device.  The  electrolytes are important for OLEDs 
because it lowers the turn on voltage by creating an interfacial dipole at the interface of 
the emissive layer and the ETL.  While the polymer electrolytes are more stable, the 
small molecules are more mobile on the surface.  Small molecules are easier to synthesis 
and purify making them preferable for OLED applications in comparison to polymers 
that can have many defects, polydispersity, and are difficult to purify.  The dewetting 
process not favorable and is not well understood and is needed to better understand the 
effects of ETL layers.34-36 Atomic force microscopy (AFM) studies have shown the time 
at which dewetting occur for the small molecule ETL and the formation of islands as a 
consequence.  Even after dewetting of the ETL layer, the devices still worked more 
efficiently than if no ETL layer was added to the OLED.  Although the AFM technique 
allowed us to see the occurence of dewetting, it did not have chemical specificity which 
would enable us to quantify the amount of dewetted material.  We used near-field 
scanning optical microscopy in order to further understand this dewetting process.  Near-
 6 
field has the unique ability to image both the topography and simultaneously optically 
excite the sample allowing for chemical specificity to study the islands in a dewet 
sample, as well as the areas in between the islands. 37-41 
 
Chapter 3: Morphological effects on the photocurrent of Cu(In1-xGax)Se2 
Nanoparticles 
Chapter 3 describes using scanning confocal microscopy to spatially probe the 
photocurrent in Cu(In1-xGax)Se2 (CIGS) nanoparticles which are very effective light 
absorbers.  They are a direct bandgap material in the red edge of the solar spectrum with 
high optical coefficients and are stable under long excitation.  Currently, it is very 
difficult to tune the bulk material due to high temperature and multi-stage evaporation of 
the materials causing phase segregation and intermetallic phase formation.  A method to 
control this behavior and lower the cost of production is to synthesize nanocrystals with 
high control of the stoichiometry.42-44  The nanocrystal “ink” can then be inexpensively 
casted onto a substrate by drop casting, spin casting, dip coating, or air spraying.  This 
method, however, has shown much lower efficiencies, which in part has to do with the 
difficulty in controlling and understanding the morphology.  In order to increase the 
efficiencies, a better understanding of the morphology of the crystals must be understood.  
We built a scanning confocal microscopy setup to simultaneously create image maps of 
the photocurrent and fluorescence by raster scanning a focused beam across the CIGS 
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devices.  The information was correlated with scanning electron micrographs to 
understand where photocurrent is being observed and how this correlates to the 
morphology seen in scanning electron microscope images.     
 Chapter 4:  Supramolecular Aggregation in Solution 
 In chapter 3 I report on the controlled aggregation of a perylene diimide molecule 
attached to a polymer backbone.   In order to make a device with organic materials, we 
cannot only account for the properties of a single unit but must understand how the 
molecules interact as a whole system because of the interactions affecting the optical and 
electrical properties of a system.  Furthermore, it is important the molecules or polymers 
strongly interact in a well-defined way in order to understand charge separation and 
transfer.  We report that the aggregation of the PDI can be readily controlled by changing 
the solvent and this aggregation can be quantified using the h-aggregate model developed 
by Spano et al.45-50  We find the best solvent leads to the highest extent of aggregation, 
which is counter-intuitive for molecular aggregation.  However, the aggregation is guided 
by the polymer backbone.  In a good solvent, the polymer has a large radius of gyration 
allowing the pendant molecules to easily align.  In a bad solvent, the polymer is collapsed 
in a more random architecture preventing strong interaction.  We also report on the 
percentage of PDI molecules that are aggregated and the lifetimes of the different states. 
Figure 2 shows a schematic of the polymer in a good and in a bad solvent.  
Chapter 5:  Electrical properties of lateral organic photovoltaics for a fundamental 
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understanding of charge transport  
 Chapter 5 employs a new device structure developed in Dr. Dodabalapur’s group, 
a lateral organic photovoltaic (LOPV).51-56  A schematic of such a device is shown in 
Figure 3, where asymmetric electrodes are fabricated through a two-step 
photolithography process after which a bulk heterojunction is cast. The length of the 
channel can range from tens of nanometers to hundreds of microns.  Although LOPVs are 
inefficient, they allow for nanoscale investigation of the BHJ along the transport plane 
while the device is operated under steady state conditions unlike vertical devices. Many 
analytical techniques (kelvin probe force microscopy, confocal, etc.) can be used to probe 
anywhere along the BHJ in order to study charge separation and transport. Theoretical 
and experimental studies show LOPVs exhibit similar device physics under the same 
electric fields that are observed in vertical devices. Additionally, these theoretical and 
experimental studies, which include a confocal microscopy technique used to locally 
image devices, have shown a space charge region (SCR) exists at each electrode and a 
recombination zone (RZ) exists in the center of the device. Confocal microscopy on the 
device reveals high photocurrent (PC) at each of the electrodes and minimal PC in the 
center. Through confocal microscopy, we can directly study photocurrent and 
recombination in a single system. We can fit the PC analytically in order to estimate a 
size of the SCR, which is directly related to the electron and hole mobility, to measure 
both mobilities in a single experiment under normal operating conditions.   
 The goal of this project is to understand charge transport in two systems, 
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Langevin and non-Langevin polymers.  The Langevin characteristics of the polymers 
pertain to the recombination mechanism.  If the recombination statistics is bimolecular, it 
is considered Langervin. However, as the recombination statistics deviate, it is said to 
become more non-Langevin.  Although experimental work has been done to quantify the 
amount how non-Langevin polymers are, the fundamental understanding of what makes 
one polymer non-Langevin while another is Langevin is not well understood.  This 
dissertation introduces the first work done using the polymer shown in Figure 4, 
PSBTBT, donated by the Konarka company for our LOPV devices.   
 
Chapter 6:  Photocurrent and fluorescent mapping of P3HT:PDI devices using 
Near-Field Scanning Optical Microscopy and Scanning Confocal Microscopy 
 Chapter 6 describes a method for imaging devices with nano- to microscale 
morphology in organic photovoltaics.  Using near-field scanning optical microscopy 
(NSOM) and scanning confocal microscopy described in earlier chapters, we studied the 
morphology of poly(3-hexylthiophene) [P3HT] in three different blends based on 
derivatives of perylene diimide (PDI) because of the combinations resulting in 
morphological differences as shown in Figure 5.57  One morphology formed large crystals 
that were embedded and atop the P3HT, while the second morphology blended well with 
the P3HT.  Finally, the last morphology used the perylene diimide polymer from chapter 
4 that phase segregated to form islands of P3HT and islands of PPDI. The photovoltaic 
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devices were imaged using confocal or near-field microscopy to map the photocurrent, 
fluorescence, and fluorescence spectra, in order to correlate photocurrent and 










Figure 1.1:  Schematic of a bulk heterojunction shows the green box enclosed crystalline, 
amorphous, and semi-crystalline domains with the polymer and C60-PCBM represented 











Figure 1.2: Artistic representation of the perylene diimide polymer in a bad solvent (left) 




































Figure 1.5:  Fluorescence microscope images of P3HT:perylene diimide (PDI) blends.  
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Chapter 2:  Chemical Mapping of an Electron Transporting Layer 




Analytical techniques for understanding the morphology of multilayer organic 
semiconductor devices are critical for developing efficient organic optoelectronic 
devices. Small molecule conjugated organic electrolytes (COEs) and conjugated 
polyelectrolytes (CPEs) have shown promise as electron transporting layers (ETL) for 
polymer light emitting diodes (PLEDs).1 These electrolytes can enhance the devices by 
lowering their turn-on voltages. This effect is thought to arise as a result of a self-
assembled dipole moment between the emissive layer and the electrode.  This dipole in 
turn lowers the effective work function of the electrode and allows for lower power 
consumption.2 COEs and CPEs are also water soluble, allowing for multi-step processing 
of the layers without intermixing with the emitting layer.3 Although CPEs make very 
uniform layers whose thickness can be precisely controlled, COEs display better 
performance because of greater control of molecular structure and ease of purification.4 
Even though controlling the layer morphology of COEs is more difficult than CPEs, 
because of their other advantageous properties, they are more promising for PLEDs.  
Therefore, it is important to determine the effects of morphology on device functionality 
to understand the mechanism of electron transport in these materials. 
 Controlling the morphology of COE films is difficult because after deposition the 
molecules are mobile on the surface.  This is due to the fact that in contrast to polymers, 
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small molecules have higher diffusion constants and are therefore more prone to 
dewetting.  For example, previous studies have shown that when exposed to air, the COE 
layer dewets from the underlying polymer layer leading to small islands of material.  
These studies have utilized atomic force microscopy (AFM) experiments to not only 
probe the formation of these islands but quantified the time it takes for this dewetting to 
occur.  They have shown that the primary dewetting mechanism involves pinholes acting 
as nucleation sites, followed by increasingly raised features.5 However, other studies on 
similar COE materials have also observed that, PLED devices that incorporate an ETL 
have higher efficiency than devices without this layer despite the dewetting of the COE 
from the emitting polymer layer.6  This suggests that the dewetting may be incomplete 
and a continuous layer of COE could remain behind.  To test this hypothesis, we 
performed near-field scanning optical microscopy to chemically map the COE layer, 
FPF-BIm4, on top of an emitting layer of Poly[2-methoxy-5-(2′-ethylhexyloxy-1,4-
phenylenevinylene)] (MEH-PPV).   
Experimental: 
For this study, devices were fabricated, in order to measure the luminance after 
exposure to air, as previously reported.4  A typical device structure for the multilayer 
PLED is shown in Figure 1A.  Briefly, 
poly(ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS), the hole 
transporting layer, was spin-coated onto indium tin oxide (ITO), followed by Poly[2-
methoxy-5-(2′-ethylhexyloxy-1,4-phenylenevinylene)] (MEH-PPV), the light emitting 
layer, shown in figure 1B. FPF-BIm4, the ETL, also shown in figure 1B was spin-coated 
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from methanol on top of the MEH-PPV layer, and Al was thermally deposited to 
complete the device.  In order to characterize the optical properties of these materials, 
absorption and photoluminescence measurements were performed. Figure 1C and 1D 
show the absorption and photoluminescence spectra of MEH-PPV and FPF-BIm4, 
respectively. The absorption maximum of MEH-PPV, the emissive layer, is at 500 nm, 
with a minimum near 370 nm, and the emission maximum is at 600 nm.  The absorption 
of the ETL layer, FPF-BIm4, is blue shifted from MEH-PPV, and steadily increases into 
the UV.  FPF-BIm4 has an emission maximum at 400 nm, with a long tail that extends out 
to 550 nm.  While the absorption spectra overlapped there is little spectral overlap in the 
emission spectra of the two species (Figure 1E).  This allows one to chemically map the 
layers using the fluorescence spectrum to identify the composition.   
Results and discussion: 
Figure 2 shows the luminance of a PLED device containing a FPF-BIm4/MEH-
PPV layer that was exposed to air for 0 to 8 min.  Exposure of the FPF-BIm4/MEH-PPV 
to air before adding the top electrode lead to devices with a lower luminance.  However, 
even at 8 minutes of exposure, the devices were still more efficient than if no ETL layer 
was cast. This is consistent with previous studies, which suggest that dewetting is not 
complete and a residual layer of FPF-BIm4 remains.  Previous microscopy techniques 
used to study the morphology of the multilayer films, such as AFM, are limited in 
detecting this residual layer as they only map the topography of the thin film.  The 
current study employs near-field optical microscopy (NSOM) in order to simultaneously 
probe the topography and the fluorescence of these films to determine if a conformal 
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layer of FPF-BIm4 remains.  By probing the emission of both the raise features generated 
during dewetting as well as the thin film materials between them, it is possible to 
determine if there is a residual FPF-BIm4 layer.   
Figure 3A shows a schematic of the NSOM, which functions by illuminating the 
sample through a sub-wavelength aperture at the end of a tapered fiber optic probe.  This 
instrument is described in detail elsewhere;7 briefly, home-pulled fiber optic tips 
(diameter < 100 nm) are coated with Al and attached to a 100 kHz tuning fork.   The tip 
and tuning fork is mounted above the sample, and the sample is raised to approximately 5 
nm below the tip.  Excitation of the sample is accomplished by coupling 370 nm laser 
light into the fiber.  The sample is raster scanned using a XYZ piezoelectric stage, which 
simultaneously creates two images, one of the emission (collected on a single photon 
counting avalanche photodiode detector) and the second of the surface topography, 
similar to AFM. Figure 3B and 3C shows the topography and fluorescence images of 
MEH-PPV/FPF-BIm4, respectively.  The topography image is 10x10 um and shows 
raised features throughout the image.  These raised bumps on the surface are very similar 
to those previously observed by AFM.   The AFM studies assumed these to be FPF-BIm4 
aggregates formed during the dewetting process.  NSOM measures not only measure the 
topography but also a corresponding fluorescence image (Figrue 3C).  The total 
fluorescence image was obtained by removing the excitation with a 400 nm long pass 
filter.  The fluorescence image is not uniform but shows many of the same features found 
in the topography.  In regions of raised topography the total fluorescence is lower (~600 
counts) compared to the averages intensity (900 counts/s). Since the raised features are 
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associated with FPF-BIm4 that has dewet from the surface, this fluorescence decrease is 
either due to the FPF-BIm4 layer having a lower quantum efficiency compared to MEH-
PPV or scattering of the excitation light preventing absorption and emission from the 
MEH-PPV layer.  This experiment probes the total fluorescence, which is the sum of the 
MEH-PPV and the FPF-BIm4.  However, it is also possible to filter the emission to 
collect only the emission from the FPF-BIm4.   
As seen in Figure 1, the emission of the FPF-BIm4 can be selectively detected 
from 380-530 nm by inserting a band pass filter in the emission path before the detector.  
The band pass filter was centered at 450 nm (range 380-530 nm), which adequately 
removed all excitation (370 nm), as well as the emission from the MEH-PPV layer. 
Additonally, the MEH-PPV emission is suppressed due to the small absorbance of the 
polymer at the excitation wavelength. Figure 4A and 4B show the near-field topography 
and FPF-BIm4 fluorescence, respectively.  The topography image shows similar features 
as Figure 3B, that have the same raised features. The fluorescence image still correlates 
strongly to the topography image, however now the raised features in the topography 
image exhibit increased fluorescence. This confirms that these features are in fact FPF-
BIm4 that has dewet the surface and gathered into clumps on top of the polymer layer. 
They appear darker in the total fluorescence image since the MEH-PPV has a higher 
quantum yield than the FPF-BIm4. Most interesting is the region between these raised 
features.  The FPF-BIm4 emission between the aggregates on the surface never goes 
below the background (~100 counts/s).  This does indeed prove the FPF-BIm4 has not 
completely dewet and a layer is left behind, which is fluorescent. To double check if the 
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regions that are not raised aggregates do in fact have FPF-BIm4 images were collected of 
the identical region for the total fluorescence. Figure 4C and 4D are the respective 
topography and total fluorescence images collected immediately after Figure 4A and 4B 
were obtained.  The same features appear in both topography image demonstrating the 
same area was scanned.  As before, the image contrast on the fluorescence images is 
reversed with the total fluorescence showing a reduced emission over the aggregates.  
This is a result of FPF-BIm4 effectively blocking the absorption of the excitation in the 
higher  quantum yield MEH-PPV layer.  Based on the total emission spectrum in figure 
1E one would expect that on average intensity of film in the FPF-BIm4 image would be 
about 20% of the intensity in the total image.  The observed ratio is slightly lower likely 
the result of photochemistry as the total fluroscence image was collected after the image 
of the FPF-BIm4  and the fact that some of the FPF-BIm4 has dewet the polymer layer.  
This result supports the general conclusion that the ETL layer is continuous despite the 
formation of aggregates upon dewettting. 
Conclusions: 
In summary, NSOM has been used to map the different compounds in a 
multilayer LED thin film after dewetting.  Overall, luminance measurements show that 
even after extensive dewetting, the presence of FPF-BIm4 as an ETL still performs better 
than devices with no ETL, suggesting that FPF remains as a continuous layer. Using 
NSOM we probed an FPF-BIm4 ETL layer on top of MEH-PPV.  We’ve shown that the 
large FPF-BIm4 islands do not account for the total fluorescence alone and that even after 
dewetting a continuous layer of FPF-BIm4 is retained on the surface of the MEH-PPV 
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layer. In conclusion, the increased device performance upon addition of the ETL layer is 
due to this continuous FPF-BIm4 layer.  NSOM provides the high spatial resolution and 
chemical selectivity to map nanoscale features.  The utility of NSOM is not limited to 
these materials and can be used to understand many device architectures.   It is a useful 
technique to understand the morphology of layers within a multiple layer device, and this 
method could easily be adapted to understand a range of thin film materials in order to 




















Figure 2.1: A) Schematic of OLED device.  B) Molecular structures of MEH-PPV and 
FPF-BIm4.  C) and D) Absorption and photoluminescne of MEH-PPV and FPF-BIm4.  E) 















































Figure 2.2:  Luminance of MEH-PPV:FPF-BIm4 after being exposed to air for 0, 1, 2, 4, 














































Figure 2.3:  A) Near field Optical Microscopy (NSOM) schedmatic.  The sample is 
excited at 370nm through the fiber optic.  Emission is collected after filtering of the 
excitation using an MPD.  Near-field images of C) topography and D) fluorescence of 
MEH-PPV/FPF-BIm4.  Fluorescence was obtained by filtering the excitation with a 




































Figure 2.4:  Near-Field Scanning Optical Microscopy (NSOM) of FPF-BIm4/MEH-PPV 
films excited at 370nm.  A) Topography and B) fluorescence were collected 
simultaneously with a band pass filter between 380nm-500nm in order to collect the FPF-
BIM4 emission.  C) Topography and D) fluorescence were collected simultaneously with 
a long pass filter selected at 400 nm, in order to collect the total fluorescence of the 
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Chapter 3:  Mapping Spatial Heterogeneity in Cu(In1−xGax)Se2 





The widespread use of photovoltaic (PV) devices to harvest energy from the sun 
requires significant reduction in the cost of solar cell technology.1,2 One approach to 
lowering manufacturing cost is to use solution-processable materials that can be printed 
onto various substrates, including plastics, under ambient conditions with high 
throughput techniques like roll-to-roll printing.3,4 While many soluble photovoltaic 
materials have been developed in recent years, the efficiency of these devices is still too 
low for commercial viability.5-7 In order to improve efficiency, a more detailed 
understanding of PV performance is needed. One factor that can limit the performance of 
thin film PVs is structural, chemical, and electronic heterogeneity in the device.3,8-
16 These variations can occur on the sub-micrometer length scale, thus requiring 
microscopic techniques that can examine functioning devices with sufficient resolution to 
observe these kinds of effects. Here, we present a microscopy technique, capable of 
studying as-fabricated PV devices, that allows local PV performance to be measured with 
sub-micron resolution and correlated with the optical properties of the materials. The 




Numerous microscopy techniques have been developed to study local variations 
in PV performance. Scanning-probe techniques, such as conductive probe atomic force 
microscopy (AFM) and kelvin force microscopy (KFM), have been used to relate 
morphology to local variations in properties, including photoresponse and surface 
potential.9,17-25 Since these tools operate by monitoring tip-sample interaction, the 
measurements are localized to the region of the sample directly below the metalized 
cantilever. These techniques cannot be applied to as-fabricated PV devices, and are 
instead useful for measuring the electrical properties of model thin films. One way to 
probe the local photovoltaic response of a device is to only illuminate a small region of 
the device with a microscopically focused beam of light. Only the light-induced electrical 
properties of the illuminated region contribute to the measured performance; this 
technique can map the induced photocurrent and is known as light beam induced current 
microscopy (LBIC).24,26-31 The spatial resolution depends on the size of the illumination 
spot, which through focusing the incident light via a microscope objective can reach the 
diffraction limit and beyond with near-field techniques. By raster-scanning the device 
across the focused light spot, a map of local PV response can be generated, highlighting 
spatial heterogeneities in photocurrent generation across the device. 
LBIC measurements have been used to test for fabrication defects and 
performance quality in silicon-based PVs,27,32 and to study heterogeneity in organic bulk 
heterojunction PVs.24,28-31,33 Most of these studies have utilized conventional microscopy; 
a few studies achieved higher spatial resolution on the order of 200 nm by utilizing near-
field scanning optical microscopy.28-30,33 
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Here we report a novel approach of LBIC microscopy coupled with fluorescence 
microscopy that we apply to study the response of as-fabricated, functional PV devices. 
As this technique illuminates the PV through the transparent electrode, there is no need 
for constructing planar devices33 or ones with a thin, semi-transparent metal electrode.28-30 
Simultaneous collection of fluorescence and PV response enables spatial correlation of 
the optical and electronic properties with the morphology of the device. It should also be 
possible to couple other optical microscopy techniques with the LBIC method, such as 
time-resolved fluorescence, polarized fluorescence, and absorption or reflection modes, 
which can yield valuable information into specific PV characteristics such as charge 
separation, molecular orientation, local crystallinity and absorption.12,14-16,31 For example, 
LBIC coupled with Resonance Raman spectroscopy has recently been demonstrated.31 In 
addition to imaging, the technique presented here is capable of collecting local voltage-
dependent photocurrent data. Here, the technique is applied to a solution-processed CIGS 
nanocrystal-based PV device. 
Results and discussion 
Morphology of Spray Casted CIGS 
Figure 1A shows the structure of the CIGS nanocrystal PV device that was 
studied. The device consists of a light-absorbing layer of CIGS nanocrystals deposited on 
a gold back-contact. Cadmium sulfide (CdS) is added as a buffer layer on top of the 
nanocrystal layer by chemical bath deposition, followed by a 50 nm thick zinc oxide 
(ZnO) window layer and 300 nm of indium tin oxide (ITO) deposited by RF sputtering. 
Figure 1B shows the device response in the dark and under AM1.5 illumination. The 
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short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF), and power 
conversion efficiency (PCE) were 3.5 mA cm−2, 0.38 V, 0.41, and 0.51%, respectively. 
Figure 1C shows the wavelength-dependent external quantum efficiency (EQE) measured 
for the same device. The EQE is a measure of zero-bias current generated per incident 
photon on the device. The excitation source for the LBIC measurements had a 
wavelength of 408 nm, on the high energy edge of the EQE spectrum. The shape of the 
EQE curve is a result of the optical characteristics of both the CIGS nanocrystal absorber 
layer and the ZnO/ITO window layer.34 
Figure 3 shows a schematic of the LBIC microscopy setup. The sample is 
illuminated with 408 nm laser-light focused to a 275 nm diameter spot size. The 
photogenerated current is measured, along with fluorescence from the sample. As the 
sample is raster-scanned across the illumination spot, measurements are collected at each 
step to generate an image map of the measured, local properties. 
One challenge of mapping the photocurrent is that the entire device is active but 
only a microscopic region is being illuminated. The induced photocurrent (IPC) signals 
from the focused laser spot are on the order of 1 and 40 nA. However, these signals are 
on top of a comparatively large background from the dark current of the full device, 
which also varies nonlinearly with applied bias voltage. As such, current amplification 
and lock-in detection were necessary to obtain sufficient signal to noise. Signal 
amplification was accomplished with a transimpedance amplifier (or current to voltage 
converter) built in-house with a gain of 10    000×. The incident light beam is chopped and 
the output signal of the device is measured with a lock-in amplifier. Therefore, the IPC 
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that is measured represents the difference between the current measured during 
illumination and the dark current. 
An LBIC image map of a CIGS nanocrystal based PV is shown in Figure 3A. 
There is significant heterogeneity in device response, with micrometer-scale regions of 
both increased and decreased IPC generation compared to the average response of the 
device. The higher performance regions appear filamentary (Region B), while the lowest 
performance regions have a circular shape with typical diameters of 1–2 μm (Region C). 
These regions of high and low response are scattered throughout relatively homogeneous 
regions with average device response (Region A). From the image it is observed that 
Regions A, B, and C correspond to 75%, 20%, and 5% of the device, respectively (see 
figure 9). Figure 3B shows the fluorescence microscopy image that was acquired 
simultaneously with the LBIC measurement. It is clear that the local variations in IPC 
have corresponding variations in fluorescence. The fluorescence intensity, which relates 
to the local chemical composition and the extent of radiative charge recombination, is 
inversely correlated with the IPC signal in the image. For instance, areas of the device 
like Region C have high fluorescence intensity with low IPC, and areas like Region B 
show lower fluorescence and exhibit higher IPC (see also supporting information). This 
is consistent with what one would expect: regions with higher fluorescence have higher 
radiative recombination and fewer charge carriers available for extraction as IPC. 
This technique provides another useful feature: after an image map is collected, 
the beam can be repositioned to illuminate a selected region of the sample to measure the 
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local voltage-dependent photocurrent (LVPC). Figure 4 shows the local photocurrent 
traces obtained at points labeled A, B, and C in Figure 3; the traces are representative of 
the three distinct types of regions found across the device. The main difference between 
regions is the magnitude of the photocurrent at zero bias. The general shape of the LVPC 
curve is similar for the three different regions. There is a slight decrease of ∼0.06 V for 
Region C in the bias at which the LVPC is zero; however, the decrease is close to the 
error in the voltage measurement of ±0.05 V. This difference may result from lower 
charge carrier densities in these regions as they have an associated high fluorescence 
intensity, which is shown to be from CdS (see further discussion below). 
It is important to note the LVPC is not the same as the conventional I–V response 
measured with the device exposed to light. As a result of the lock-in detection, the 
measured current reflects only the additional current induced by the local illumination 
since the dark current has been subtracted from the signal. This means that the bias at 
which the LVPC is zero (induced photocurrent equals zero) is not the same as 
the Voc(total current equals zero). As a result, a local power conversion efficiency cannot 
be calculated. However, relative efficiencies can be estimated since the only significant 
difference between the LVPC response of the different regions is the current at zero bias. 
From the data in Figure 4, the LVPC at zero bias in Regions A, B, and C are 18.3, 31.6, 
and 11.6 nA, respectively, with an error of ±1.5 nA. Thus, the regions of higher 
photocurrent are nearly a factor of two more responsive than the average, while the 
regions of low response are over one-third decreased from the average. It is interesting to 
consider that if the device was composed entirely of the regions of greatest photocurrent 
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(Region B), there would be more than 50% enhancement in the power conversion 
efficiency of the device. While this would still be far below other reported CIGS device 
efficiencies,35 these results identify specific pathways for substantially improving the 
performance of this emerging, solution-deposited photovoltaic system. 
The high IPC regions in the device, Regions B, have a filamentary morphology. 
As shown in Figure 5A, cracks in the nanocrystal films observed by SEM have a similar 
morphology. Therefore, it appears that these cracked regions are giving rise to the 
observed increased photocurrent in the device. Higher IPC is most likely due to the fact 
that the nanocrystal film is thinner in this region and therefore, more of the 
photogenerated carriers can be extracted from the layer before being eliminated by 
recombination. Increased photocurrent could also stem from increased interfacial contact 
area between the CdS layer and CIGS nanocrystal film, as a result of CdS penetrating 
into the cracks. This type of structure would also require shorter distances for minority 
charge carriers to travel to reach the interface. These regions also have lower 
fluorescence (see Figure 3 and Supporting Information), indicating that there is less 
radiative charge recombination. 
AFM images of the CdS buffer layer showed that occasionally large aggregates 
form in the thin film as a result of homogeneous nucleation in the deposited solution (see 
Supporting Information). To investigate if Region C areas corresponded to CdS 
aggregates, fluorescence image maps were separately collected from each layer of the 
device on glass: ZnO/ITO, CdS, CIGS nanocrystal, and blank glass. While the 
fluorescence image of the CdS showed highly fluorescent features, Figure 5B, none of 
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the other layers showed fluorescence contrast. The similarity between the fluorescence 
images of the CdS films (Figure 5B) and the fluorescence from the device (Figure 3B) 
confirms that Regions C correspond to places in the device in which the CdS aggregates 
are present. As the illumination must pass through the CdS layer before reaching the 
photoactive layer, one possibility for the lower response of these regions is that the 
aggregate may absorb most of the incident light, limiting transmission to the photoactive 
CIGS nanocrystal layer. The thickness of the CdS aggregates was assessed with a height 
analysis of the AFM topography images and the aggregates were found to range from 250 
nm to greater than 1000 nm in height. The transmission of the aggregates was estimated 
to be at most 1.7% for the 250 nm aggregates and even as low as 10−4% transmission for 
aggregates at 1000 nm.36 Thus, when the aggregates are present, essentially no light is 
reaching the photoactive CIGS nanocrystal layer and one may expect the IPC in these 
regions to drop to zero. However, the IPC in these regions falls by at most half the IPC 
from that of Region A (average IPC). This could be a result of fluorescence from or 
incident light scattered off of the aggregates being reabsorbed by the CIGS nanocrystal 
layer and leading to IPC. Alternatively, light absorbed by the CdS layer may also 
generate current, albeit not as efficiently as the CIGS nanocrystal layer. 
Selenization of CIGS Nanocrystals 
In a single step, CIGS films can be deposited with desired composition and crystal 
phase directly from solution using inks of CIGS nanocrystals.  Without high temperature 
processing, however, devices using these materials have achieved only up to 3% power 
conversion efficiency (PCE).38  Hillhouse and Agrawal recently demonstrated 12% PCE 
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by converting Cu(In,Ga)S2 nanocrystals to CIGS with high temperature selenization.39,40  
They have also explored selenization of Cu(In,Ga)Se2 nanocrystal films, but have not 
been able to obtain efficiencies greater than only a few percent, claiming that selenized 
nanocrystal devices perform very poorly unless sulfide nanocrystals are used as starting 
material and proposed that Se addition leads to a volume expansion needed to eliminated 
voids in the selenized film.40   
Nanocrystal dispersions were deposited on the Mo back contacts by spray 
deposition of 20 mg/ml dispersion of nanocrystals in toluene using a commercial spray 
gun (Iwata Eclipse HP-CS) operated at 50 psig head pressure. Films were sprayed in one 
step to a targeted thickness of 1.5 μm. The films were annealed in a hollow graphite 
cylinder with excess elemental selenium. The cylinder was firmly capped but not 
gastight.  A two-step annealing process was used: 10 minutes at 350°C to remove organic 
ligands followed by an increase in temperature to 500°C for 1 hour.  Excess Se provides a 
partial pressure to ensure limited loss of selenium content from the particles.  
Using the same technique as discussed earlier.  We compare two different 
morphologies the selenization technique in figure 10.  The CuInSe2 nanocrystals were 
very Cu-poor [Cu]/[In]=0.65 and the film sintered with large islands of amorphous 
material as shown in Figure 10A.  This amorphous C/Se coating blocked incident photons 
from reaching the CIGS crystals underneath, limiting photogenerated current (Figure 1-
C).  The exposed grains surrounding the larger amorphous islands yield a significantly 
higher photocurrent than the rest of the device and are the main source of power on this 
device.  The higher efficiency CIGS device had significantly less amorphous coating and 
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higher density of exposed grains, Figure 10D.  These films were much less copper 
deficient, with [Cu]/[In+Ga]=0.82—similar to that of record efficiency CIGS devices.37  
The LBIC map of this device, 9F, reveals a high spatial density of photoactive regions 
across the film as compared to the LBIC map of the CuInSe2 device shown in Figure 10. 
Conclusion 
In summary, microscopic imaging of a CIGS nanocrystal-based PV device has 
revealed substantial spatial heterogeneity in the photoresponse. Distinct regions of both 
higher and lower photocurrent could be observed on a variety of length scales ranging 
from hundreds of nanometers to tens of microns. Two morphological features were found 
to cause the heterogeneity: CdS aggregates that lowered IPC and cracks in the CIGS 
nanocrystal absorber layer that produced higher IPC. The performance differences 
between regions could be quantified using LVPC measurements and show the cracked 
regions to have had a zero bias photocurrent that was nearly double that of an average 
region. This information along with the photocurrent maps allow for an estimation of 
efficiency from a theoretical device composed entirely of the high IPC regions; such a 
device would have an increase of more than 50% in power conversion efficiency 
compared to the device studied. Efforts are currently underway to leverage this 
information to design new fabrication techniques that will improve the device efficiency 
of CIGS nanocrystal PVs. The coupling of microscopy, spectroscopy, and electrical 
characterization presented here is applicable not only to these systems but any PV device. 
As such, direct measurements of how morphology affects performance can be used to 
guide device design and fabrication in the development of future high efficiency PVs. 
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Experimental 
Synthesis of CIGS Nanocrystal Ink: Cu(In1-xGax)Se2 (x = 0.25 targeted) 
nanocrystals were synthesized by arrested precipitation using standard Schlenk line 
techniques as previously reported.34 The washed and purified CIGS NPs were dispersed 
in toluene at a concentration of 20 mg mL−1 to make the ‘ink’ used in device fabrication. 
CIGS Nanocrystal-Based PV Device Fabrication: Polished float glass substrates with 
dimensions 25 mm × 25 mm × 1.1 mm (Delta Technologies, Ltd.) were cleaned by 
sonication in a 50/50 mixture of acetone and isopropanol followed by sonication in 
deionized water. Each sonication lasted 5 min and was followed by drying in a nitrogen 
stream. The glass substrates were then exposed to a 100 W oxygen plasma for 5 min to 
remove any organic residue on the surface. After cleaning, 5 nm of chromium and 60 nm 
of gold was thermally evaporated to form the metal back contact of the devices. A 600 
nm CIGS nanocrystal absorber layer was then deposited by spray coating from an ink 
(described above) using a commercially available airbrush (iwata Eclipse HP-CS) 
operated at 50 psig of head pressure. A CdS buffer layer was deposited by a modified 
chemical bath deposition following procedures outlined by McCandless and 
Shafarman.37 The device was placed on a hotplate at 90°C for 5 min after which an 
aqueous solution of 3 mM cadmium sulfate (CdSO4, Aldrich, 99.999%), 0.53 M thiourea 
(Fluka, 99.999%), and 8.1 Mammonium hydroxide (NH3, Fisher, ACS certified) was 
deposited onto the device which was then covered with a glass petri dish to prevent 
evaporation. After 2 min, the device was removed from the hotplate and rinsed with 
deionized water and then left flat to dry. Next a window layer consisting of i-ZnO and 
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ITO were deposited by RF sputtering. A 50 nm layer of ZnO (target 99.9%, Lesker) was 
first sputtered in an atmosphere of 0.5% O2 in Ar (99.95%, Praxair) with a 150 W 
plasma. This was followed by a 300 nm layer of ITO (target 99.99% In2O3: SnO2 90:10, 
Lesker) sputtered in an Ar atmosphere (research grade, Praxair) with a 180 W plasma. 
The final active area of the device was 8 mm2 (a 4 mm × 2 mm rectangle). A small dab of 
conductive silver paint (SPI supplies) was placed on all contact pads to improve contact 
with the testing apparatus. 
‘Bulk’ Photovoltaic Characterization: Conventional J-V response was measured 
with a Keithley 2400 General Purpose Sourcemeter using a Xenon Lamp Solar Simulator 
(Newport) equipped with an AM1.5 filter as an illumination source. External Quantum 
Efficiency (EQE) spectra were gathered using a chopper (Stanford Research Systems, 
model SR540), a lock-in amplifier (Stanford Research Systems, model SR830), a 
monochromator (Newport Cornerstone 260 1/4M), and a Si photodiode calibrated by the 
manufacturer (Hamamatsu). 
Morphological and Spectral Characterization: Scanning electron microscopy 
(SEM) images were acquired using a Zeiss Supra 40 VP SEM operating at 10 keV 
accelerating voltages and using an in-lens detector. Atomic force microcopy (AFM) 
images were acquired using a Digital Instruments multimode AFM (model MMAFM-2). 
UV-VIS spectra were collected using an Agilent 8453 UV-VIS. 
Photocurrent and Fluorescence Image Maps: The image maps were obtained 
using a Coherent 408 nm diode laser as the excitation light source, which was focused 
through a 50x Olympus objective. The size of the focal spot was ∼275 nm in diameter as 
 47 
determined by scanning across a step edge in a patterned metal film. The typical incident 
laser power was 1.5 μW, which yields a power density of ∼2.53 kW cm−2 after the light is 
focused through the objective. For sample scanning capabilities a Physik Instrumente (PI) 
piezoelectric stage (model E-501.00) was mounted onto a Nikon Diaphot 300 inverted 
microscope. The excitation beam was chopped at 174 Hz using a Digirad chopper (model 
C-980) and the photocurrent of the device was amplified 104 times using a 
transimpedance amplifier built in house. The fluorescence was collected using a Perkin 
Elmer APD (model SPCM-CD290) and the amplified current was collected using an 
EG&G DSP lock-in amplifier (model 7220). The LVPC curves were obtained by 
sweeping the applied voltage across the device, sourced from a serial digital to analog 
(D/A) converter built onto the circuit board of the pre-amplifier, and recording the output 
signal from the lock-in with a Keithley 2400 General Purpose Sourcemeter. The serial 






Figure 3.1. A) Schematic of a CIGS nanocrystal (NC) based PV device. B) J–V 
measurements performed under dark and AM1.5 illumination conditions. C) External 
Quantum Efficiency (EQE) measured as a function of wavelength (vertical dotted line 
marks the laser excitation wavelength used for LBIC, 408 nm). 
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Figure 3.2. Schematic of the scanning light beam induced current (LBIC) and 










Figure 3.3: Image maps of A) zero-bias induced photocurrent (IPC) and B) fluorescence 
intensity for a CdS-capped CIGS nanocrystal PV device. Overlay in upper right corner of 
(B): that area of the fluorescence image shown at a different, nonsaturated contrast scale 



















Figure 3.4: Local voltage-dependent photocurrent (LVPC) measured with the focused 
light beam positioned at locations A, B, and C labeled on the images shown in Figure 3. 
These LVPC measurements are representative of the response from regions of the device 










Figure 3.5: A) Scanning electron microscope image of the CIGS nanocrystal layer of the 
device. B) Fluorescence image of a CdS layer deposited on glass, intensity scale is 10000 

















Figure 3.6: (A) Beer’s Law plot of CdS absorbance at 408 nm wavelength light,  
constructed from theoretically calculated data from Derkaoui and co-workers.36 
(B) Topographic AFM image of CdS layer deposited on a glass substrate. (C) Line scan  











Figure 3.7: (A) Topographic AFM image of CdS layer on the CIGS nanocrystal film. (B) 




Figure 3.8: Scanning electron micrographs image of the CIGS nanocrystal layer of the 














Figure 3.9: Image map of (A) zero-bias induced photocurrent (IPC) from Figure 3, and 














Figure 3.10: SEM images (top view A and D, cross sectional view B and E) and LBIC (C 
and F) maps of two different devices with selenized layers:  A–C are of a CuInSe2 device 
and C–F are of the highest efficiency CIGS device from Table 1 with actual compositions 
of Cu0.65InSe2 and Cu0.82In0.68Ga0.32Se2, respectively.  The high photocurrent regions of the 
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Chapter 4: A macromolecular scaffold for supramolecular self-assembly 




Small molecule organic materials have the potential for applications in variety of 
electronic devices like organic field effect transistors (OFET)1, and organic photovoltaics 
(OPV)2.  Because the properties of the materials can vary greatly depending on the details 
of their molecular packing, one would like to develop schemes by which supramolecular 
assemblies could be self-assembled from solution.3 Perylene-bis(dicarboximide) [PDI] 
has been extensively studied as an electron acceptor due to both its electronic structure 
and its high chemical stability.4  Studies on PDI include examining the mateiral in 
solution,5 thin films,6 crystals and aggregates,7 as well as liquid crystalline systems.8  In 
the condensed phase, the PDI molecule can easily stack cofacially leading to electornic 
coupling of the dye molecules and new aggregated electronic states.  PDI aggregation has 
shown that it conforms to different architectures, including the predominant face-to-face 
geometry that leads to a H-type aggregate.9  Recent works has also demonstrated that by 
inducing a slight offset in the molecule packing J-type aggregates can be formed.10 The 
typical stacking geometry of PDI leads to an H-type aggregate in which the emission 
yield is strongly suppressed.  In particular, weakly coupled H-aggregates exhibit a 
characteristic change in the ratio of the vibronic peaks in their absorption spectrum with 
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the aggregates leading to a suppression in the lowest energy, 0-0, vibrational band. While 
the aggregates can greatly affect both the electronic and optical properties of the PDI, it is 
difficult to control the extent of aggregation. This is particularly true for molecules such 
as PDI that are extremely insoluble.  Generally to increase solubility, bulky alkly chains 
are added to the PDI, but this can alter the aggregation of the molecule.  Schwartz et. al. 
have shown that an excellent method for both improving solution processing and 
controlling the PDI aggregation is to attach PDI to a polymer backbone.11  In their work, 
they show that the perylene appended to a peptide will aggregate in a good solvent 
compared to the monomer, and forms films that display a high density of charge carriers.  
This work utitlizes solvent quality and the weakly coupled H-aggregate model to 
systematically study the change in aggregation as a quantified using the weakly-coupled 
H-aggregate model. 
Experimental 
Figure 1 illustrates the synthetic steps starting with commercially available 
norbornadiene.  The diene is mixed with glacial acetic acid and heated, in a closed vessel, 
to yield the exo-5-norbornene-2-yl acetate intermediate, 1.  The hydrolysis of the acetate 
group using base in methanol yields the exo-5-norbornene-2-ol 2.   The deprotonation of 
this material allows its use as a powerful nucleophile for substitution type reactions. In 
this case, after deprotonation, the anion is exposed to 6-chloro-1-hexyl  
ptoluenesulfonate.  The resulting substitution reaction yields an alkyl halide norbornene 
monomer (3).  The Gabriel amine synthesis is then utilized to result in, 6-amino-1-(exo-
5-norbornene-2-oxy)hexane (4).  When beginning with 3,4,9,10-Perylenetetracarboxylic 
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acid dianhydride, the addition of alkyl groups to provide solubility is a required first step 
(Scheme 2).  Through a reaction in molten imidazole, with a simple secondary amine, the 
N,N’-Bis(1-nonyloctyl)-perylene-3,4,9,10-tetracarboxylic diimide  (5) is obtained and 
easily purified.  Then through hydrolysis of one end of the molecule, it is possible to 
obtain N-(1-nonyloctyl)perylene-3,4,9,10-tetracarboxy-3,4-anhydride-9-10-imide (6).  
Finally, 3 is condensed with 6 through a short reflux in toluene resulting in the final PDI 
containing monomer (7). Polymerization of 7 using 1st generation Grubbs’ catalyst in 
CHCl3 resulted in a ring-opened metathesis polymer (Poly-PDI). 
All polymer and monomer samples were diluted to have a maximum absorption 
less than 0.05.  All absorption spectra were obtained using an Agilent 8453 UV-VIS.  
Fluorescence was measured using a Fluorolog-3 lifetime fluorimeter purchased from 
Horiba Jobin-Yvon.  Samples were excited with a 450W Xenon Lamp and fluorescence 
was collected using right angle geometry, a double monochromator, and a 
thermoelectrically cooled InGaAs detector.  All lifetime data was collected on the same 
fluorimeter.  The samples were excited using a NanoLED with excitation at 482 nm and a 
pulse width of less than 200 ps.  The data was fit to one or two exponentials using DAS6 
v2.6 fitting software.  Films were made using a concentration of 15 mg/mL of PPDI in 
hexane, toluene or ortho-dichlorobenzene (ODCB) and spin cast at 1000rpm for 60 
seconds.  Fluorescence Correlation Spectroscopy (FCS) measurements were done on a 
confocal microscope using an extended beam of the collimated 488 nm line of an Ar+ gas 
laser to a diameter of about 1 cm and coupled into the objective. The fluorescence signal 
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was focused on two avalanche photo diodes (SPCM-AQR-16, Perkin-Elmer) for 
detection and the signal was correlated by an ALV-5000 fast hardware correlation card.  
Results and Discussion 
The monomer used for all experiments is N,N’-Bis(1-nonyloctyl)-perylene-
3,4,9,10-tetracarboxylic diimide (PDI) shown in 5 of figure 1 and the polymer PDI (P-
PDI) is shown in the last step.  Figure 2 shows both the absorption spectra of PDI 
monomer as well as the polymer in a variety of solvents of different quality.  Figure 2A is 
of the monomer in o-dichlorobenzene (ODCB). The monomer spectrum exhibits a clear 
vibronic structure, with the largest absorbance coming from the lowest energy, 0-0, 
vibrational peak at 530nm.  The spacing between the vibronic peaks is roughly 1400 cm-1 
corresponding to a typical C=C stretching mode in the PDI.  The polymer spectrum is 
acquired in three different solvents of varying quality.  Figure 2B is P-PDI in hexane, 
which is the worst solvent (lowest solubility) for the polymer.  Figure 2C and 2D show 
the polymer spectrum in ODCB and toluene.  ODCB is a moderate solvent, and toluene is 
a good solvent.   The spectrum of P-PDI in hexane is almost identical to the monomer 
absorption in its spectral shape, however the peak absorption wavelength is shifted as a 
result of the solvent polarity.  In contrast, the P-PDI spectrum in ODCB (Figure 2C) 
shows similar vibronic progression, but the ratios of the peak intensities are significantly 
different.  In particular, the intensity of the lowest energy 0-0 transition appears 
suppressed compared with the monomer and hexane spectra. Similar results are observed 
for toluene (Figure 2D), but the suppression and broadening is even greater with the 0-0 
peak becoming smaller in intensity than the 0-1 peak.   
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This suppression of the 0-0 band in the spectrum of the polymer in the good 
solvents is attributed to the formation of H-type aggregates of the PDI molecules along 
the polymer backbone.  While formation of H-aggregates is typically associated with a 
blue shift of the spectrum, it has been shown that a signature of the formation of weakly 
coupled H-aggregates is the suppression of the 0-0 band in the absorption with little or no 
shift in origin of the band.  Molecular aggregation is typically associated with lower 
solvent quality in which the molecules have a preferential interaction with themselves 
compared to the solvent.  However, here the aggregates form in the high quality solvents.  
As the aggregates are formed along the backbone of the polymer, this process is strongly 
dependent on the conformation of the polymer backbone.  In a good solvent the polymer 
should have few interchain interactions and adopt an extended conformation with a large 
radius of gyration.  However, in a bad solvent, the polymer will collapse on itself leading 
to a more random arrangement of the pendant PDI molecules.  This random architecture 
prevents strong interactions of the PDI molecules, and therefore the spectrum is nearly 
the same as that of the monomer.    
Additionally, to verify that the aggregation was intramolecular versus 
intermolecular the concentration dependence of the aggregate was probed.  If multiple 
polymer chains were aggregating in solution, strong concentration dependence would be 
expected.  However, in all cases the concentration dependence was observed as would be 
expected for intramolecular aggregation (See figure 7).  Additionally, fluorescence 
correlation spectroscopy (figure 9) measurements were performed in the different solvent 
conditions to quantify the concentration of the polymers, and the number density of the 
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fluorescent species was found to be identical in all the solvent conditions indicating that 
the aggregation is occuring along the polymer backbone. 
To quantify the extent of aggregation in each solvent, we analyzed the ratio of the 
vibronic peaks in the context of the weakly coupled H-aggregate model.  First, we fit the 
monomer spectrum to a Frank-Condon progression to verify that the spectrum was well 
represented by a single vibronic progression. Figure 3A displays the experimental 
absorption (black line), individual Lorentzian peak fits (red line), and total fit (black 
dashed) for the monomer in ODCB.  The peaks were fit to 4 loretzians with peak spacing 
of 1384 cm-1.  The first peak is centered at 18900 cm-1 and the second peak is centered at 
20284 cm-1.  The ratio of the peak areas of the 0-0 peak to the 0-1 was found to be 0.74, 
which is the displacement or Huang-Rhys factor (λ).12 To characterize the extent of 
aggregation, the absorption spectra of the P-PDI in each solvent was also fit to a series of 
loretzians.   Figure 3b displays the corrected spectra of P-PDI in hexane (blue), ODCB 
(green), and toluene (red), where all data was normalized to the 0-1 peak to emphasize 
the suppression of the 0-0 peak with increase in solvent quality.  The peak spacing was 
held the same for each sample, however the origin of the peaks were changed. The 
exciton bandwidths were calculated using the work from Frank Spano et al. and modified 
using the calculated Huang Rhys factor of the monomer.13  The modified expression is 
shown below: 






         (1)  
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where W is the exiton bandwidth and A0-0 and A0-1 are the corresponding absorption areas 
of the PDI.  As discussed above, the spectrum of P-PDI in hexane appears to resemble the 
monomer, in which a strict fitting yields an exciton bandwidth of 0.21 meV, which is 
essentially zero. However, we observe an increasingly higher degree of aggregation in 
ODCB (110 meV) and toluene (138 meV).  These bandwidths are on the same order of 
magnitude as the peak spacings (171 meV), as seen in the exciton bandwidth.  
The exciton bandwidth calculation from the absorbance assumes that aggregation 
is homogeneous, meaning all the PDI is equally aggregated along the polymer backbone 
and have a similar vibronic progression.  Fluorescence spectroscopy was used to 
investigate this assumption since a combination of emission spectra and lifetimes allow 
identification of multiple emitting states.  Figure 4a shows the fluorescence spectrum of 
the monomer, which displays the expected mirror image of the vibronic peaks in the 
absorption spectrum. The lifetimes, figure 4b, for all 3 peaks are found to be single 
exponential with a decay constant of 4 ns, which is in good agreement with the 
literature.14 The spectrum of the P-PDI in hexane, figure 4c, looks similar to the monomer 
spectrum, in which the fluorescence is a mirror image of the absorption. Again, the 
lifetime, figure 4d, is single exponential with a decay constant (4 ns) for all 3 peaks, 
corresponding to a single emissive state.  The polymer in ODCB and toluene are quite 
different from the monomer and hexane.  In ODCB and toluene the emission spectrum is 
no longer the simple mirror image of the absorption spectrum but now contains the 
addition of a very broad red shifted peak.  In contrast to the hexane and monomer spectra, 
the lifetime now exhibits wavelength dependence.  In Figure 4F, H) the first peak has a 
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lifetime of 4 ns, which we attribute to PDI that remains unaggregated along the polymer 
backbone.  The decay of the broad red shifted peak is also single exponential but with a 
much longer lifetime of 25 ns.  This long lifetime and broad featureless red-shifted 
emission is attributed to an excimer state.   In an aggregated system, it is common to 
observe excimer-like emission.  The decay at wavelengths in the middle of the spectrum 
is bi-exponential combination of the 4 ns and 25 ns decays.  Therefore, at these 
wavelengths the decay is a superposition of the monomer and excimer decays.   This 
indicates that overall, the polymer is not homogeneously aggregated, and appears to have 
two emissive states arising from unaggregated and aggregated PDI pendants.   
To quantify the amount of unaggregated PDI along the polymer, the excitation 
spectra of the polymer was compared with the total absorption. Excitation and emission 
spectra were taken at all excitation and emission wavelengths to produce a 3D spectrum.  
Figure 5A shows the 3D plot of P-PDI in hexane, with lines delineating the peak 
wavelengths used for individual excitation spectra displayed in Figure 5B.  The 
normalized excitation spectra at each of these peaks reveal identical spectra to the 
absorbance of P-PDI in hexane as would be expected for a single species.  Figure 5C and 
4E are 3D plots of the P-PDI in ODCB and toluene, which shows the progression from 
unaggregated to aggregated PDI at longer emission wavelengths.  Figures 5D (ODCB) 
and 4F (Toluene) show representative excitation spectra collected at 525, 680 and 625 
nm.  The 525 nm peak is an unaggregated peak and the 680 nm peak is the aggregate, 
while the 625 nm peak is a mixture of the two spectra.  The representative aggregate 
excitation spectrum at 680 nm was selected because it is where the 0-0 peak is at a 
 71 
minimum.  By overlaying the 525 nm excitation spectra and the absorption spectra we 
calculated the percent of monomer present and contributing to the absorption.  The 
absorption and aggregation excitation spectra are nearly identical to the dye along the 
polymer backbone and are mostly in an aggregate form. Therefore, only a small fraction 
(5%) of PDI in both ODCB and toluene is unaggregated and is likely due to defects in the 
polymer or pendants hanging off the ends of the polymer.    
In order to calculate a relative quantum yield as a function of aggregation, the 
known monomer spectrum was subtracted from the aggregate spectrum (See figure 9).  
This yielded a fluorescence spectrum of only the aggregated PDI.  Comparing the total 
emission from the aggregate compared to the monomer, we found P-PDI in DCB had a 
relative quantum yield of 46%, while the P-PDI in toluene had a relative quantum yield 
of 34%. 
Lastly, films were made to determine if the extent of aggregation could be 
retained for solid-state devices.  When spin cast or dropcast from any of the three 
solvents above, the same extent of aggregation is observed for all samples.  Figure 6A 
displays the absorption (solid) and fluorescence (dotted) of a representative film spincast 
from toluene compared to the solution phase absorption and fluorescence (blue).  
Therefore, the aggregate in toluene is nearly identical to that found in films.  However, 
there are some key differences.  The emission in films is red shifted and shows no 
monomer.  This is likely due to more efficient energy transfer to low energy sites in the 
film.  This is confirmed by the fast, multiexponential lifetime shown in Figure 6B, which 
is consistent with previous work.15  
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Conclusions 
We have shown a novel polymer with highly ordered pendant molecules.  This 
work details how aggregation can be measured and used as a system to explore an 
important class of polymers, where supramolecular self-assembly can be controlled in 
solution.  We have shown the extent of aggregation in different solvents and related that 
to an exciton bandwidth using the weakly coupled H-aggregate model.  Furthermore, we 
have determined we had an H-aggregate based on our fluorescence and lifetime data, and 
quantified the amount of monomer and aggregate along the polymer backbone, where we 
have shown there to be very little monomer (less than 5%).  Finally, we made films to 
show we can retain the extent of aggregation for the use in solid-state devices, such as 
OFETs and photovoltaics.  We have also determined an excellent model for observing the 
photophysics of a film in solution, which simplifies the 3-D framework of films and 
allows for easier quantification of aggregation.  Future work will include introducing 
different donor and acceptor blocks in the polymer backbone in order to observe energy 



















Figure 4.2: Absorption spectra of A) the PDI monomer and PDI Polymer (PPDI) in B) 
hexane, C) o-dichlorobenzene, and D) in toluene.  The 0-0 peak decreases as the polymer 































Figure 4.3: (A) Absorption spectra of the monomer PDI in ODCB (Black), the fit (dotted) 
and the individual peaks (red).  B) PDI polymer, where blue is PPDI in hexane, green in 
ODCB, and red in toluene.  The spectra is corrected, in which the 0-0 vibrational peak is 






























Figure 4.4:  Fluorescence spectra of A),C), E) and G) and lifetime spectra B)-H).  A) and 
E) are of the monomer PDI, B) and F) is of the P-PDI in hexane, C) and G) in O-DCB, 
and D) and H) in toluene.  The large featureless low energy peak is of the excimer formed 
when PDI aggregates.  The arrows are color coded to show the poinst at which the 
lifetimes were taken.  For the monomer PDI and P-PDI in hexane, there was only one 4ns 
lifetime at each of the peaks, while the P-PDI in O-DCB show two lifetimes, 4ns and 



























































































































Figure 4.5:  3D spectra of PPDI in a) Hexane, b) ODCB, and c) Toluene.  The left axis is 
excitation, the bottom axis is emission and the intensities are shown with red being 0, and 
purple as the highest relative intensity.  The scale bar is one thousand counts per second.  
Line scans of the 3D spectra are shown on the right, where D), E) and F) are in hexane, 
ODCB, and toluene respectively.  In hexane, the excitation spectra is the same at all 
wavelengths.  In E) and F), two different excitation spectra are shown.  Pink is measured 



















































































Figure 4.6:  A) Absorbance (dotted black) and fluorescence spectra of P-PDI film (black) 
and absorbance (dotted blue) and fluorescence spectra P-PDI in Toluene (blue).  B) 













Figure 4.7:  Concentration dependence on the absorption for PPDI in hexane (A), ODCB 
(B) and toluene (C).  The higheset absorption is an order of magnitude higher 












Figure 4.8:  Corrected fluorescence.  The monomer emission spectrum was subtracted 
from the polymer spectrum in ODCB (Black) and toluene (Blue), to reveal the excimer.  














Figure 4.9: Fluorescence coorelation spectroscopy of PPDI in A) hexane, B) ODCB, and 
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Chapter 5: Device physics of lateral organic photovoltaics: theory and 




Organic photovoltaic cells have been actively studied for over 20 years and even 
though power conversion efficiencies have reached about 10%,1 there is still much to be 
learned about the transport of charge carriers and recombination mechanisms within these 
devices.  Researchers have employed several methods to study transport and 
recombination in bulk heterojunction (BHJ) solar cells, including: ambipolar thin film 
transistors,2-4 transient photocurrents,5 time-resolved microwave conductivity,6 and 
photo-generated charge extraction in a linearly increasing voltage (photo-CELIV).7-9 
These reports have typically focused on measurements of vertical solar cell devices, but 
most techniques require measurement setups that analyze the transient response of solar 
cells. To enable steady state carrier transport measurements, we have employed a lateral 
BHJ device structure which was first reported earlier this year,10 and is shown in figure 1.  
These structures allow measurements with length scales ranging from 10’s of nm to more 
than 100’s of µm.  In contrast to vertical OPV cells in which the active layer is buried 
beneath metal layers and/or transport layers, the exposed nature of the active material in 
lateral OPVs allows for the use of spectroscopic and microscopic tools to probe charge 
carriers along the transport direction.  Although the geometry and direction of current 
flow in lateral BHJ devices is different from vertical OPV devices, the carrier transport 
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and recombination parameters investigated using these lateral device structures provide 
key insights into BHJ materials and are complementary to studies performed on vertical 
solar cell structures.  In this article, we report on the use of common confocal microscopy 
tools to probe charge carrier transport and operational regimes within lateral BHJ 
structures.   
Within lateral BHJ devices, three distinct charge transport regimes occur when the 
total transport distance of charge carriers is longer then their drift length.10-11 The drift 
length of a charge carrier is the product of the carrier’s mobility, its lifetime, and the 
electric field acting on the carrier.  Adjacent to the electrodes, space charge regions 
(SCR) form and most photogenerated carriers within these regions are collected in the 
form of photocurrent.  The photocurrent flowing in the SCRs is described by 
  𝑱𝒑𝒉𝒐𝒕𝒐 = 𝟒𝜺𝝁 𝟏/𝟒 𝒒𝑮 𝟑/𝟒𝑽𝟏/𝟐    (1) 
where ε is the dielectric constant, µ is the mobility of the accumulated charge 
carrier, q is the elementary charge, G is the carrier generation rate, and V is the voltage 
drop in the SCR.12 Sandwiched between the SCRs, a central recombination zone will 
form where there is little net photogeneration and high recombination.  The electrical 
current flowing within this zone should exhibit an ohmic behavior, which has also been 
recently shown.13 The existence of  a single SCR has been previously shown in many 
reports and would be expected in devices with short transit lengths.10,12,14 A more recent 
report from Danielson et al.14 as well as this report demonstrate evidence for two SCRs as 
well as the central recombination zone due to the increased length that charge carriers 




5.2 Device Theory and Numerical Simulations 
The device physics of lateral BHJ devices represents a combination of 
photovoltaic and photoconductor physics as a result of the device geometry and mode of 
electrical operation.  This combination of geometry and operational mode results in space 
charge limited device physics, which has been reported within OPV cells15 as well as 
lateral BHJ devices.16,17 Previous theoretical work predicts three transport zones where 
there is efficient carrier collection near (or within a drift length of) the two electrodes and 
a central region where very little photocurrent can be collected.18 When there is 
significant asymmetry between electron and hole mobilities, one of the space charge 
regions (SCRs) becomes very small and the device can be considered as possessing two 
transport zones: one SCR and one recombination zone. Recently, Ooi et al. have 
simulated a lateral BHJ device which shows the presence of two transport regions: a 
space charge region where there is an accumulation of the slower carrier (carrier with 
lower mobility) and a recombination zone where there is little net photogeneration and 
most carriers recombine.17 This simulation solves Poisson’s equation as well as the 
drift/diffusion under appropriate boundary values to determine the carrier concentration 
of electrons and holes as well as the electric field and potential profile throughout the 
device.  Full details of the numerical simulation can be found within the aforementioned 
reference. 
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In order to simulate a device with two SCRs and a central recombination zone, the 
asymmetry in carrier mobilities was reduced (from a factor of 10) and the simulation was 
run for a 20 μm lateral BHJ device where the electron mobility (μe) was 1.5 x 10-3 
cm2/V*s, the hole mobility (μh) was 1.0 x 10-3 cm2/V*s, an applied reverse bias of 200 V, 
a generation rate of (G) 1.0 x 1021 cm-3s-1, and a bimolecular recombination coefficient 
(kBI) of 1.0 x 10-12 cm2/s.  The anode for hole extraction is located at x=0 μm and the 
cathode for electron extraction is located at x=20 μm.  The resulting carrier concentration 
as a function of position is shown in Figure 2a and the electric field and potential profile 
is shown in Figure 2b. Within Figure 2a, areas of unipolar carrier accumulation occur 
next to each electrode; holes near the anode and electrons near the cathode.  The 
accumulation of charge carriers occurs within a few microns of each electrode because 
carriers are transported into this region more quickly than they can be extracted.  If the 
potential drop in the recombination zone is small, then the J-V characteristics of the entire 
device can be described by Equation 1: 
𝐽!!!"! = 4𝜀𝜇 !/! 𝑞𝐺 !/!𝑉!/!     (1) 
where ε is the dielectric constant, μ is the mobility of the slower carrier, q is the 
elementary charge,  and V is the voltage applied.  Within the central zone both electrons 
and holes are present in approximately equal populations and most of these carriers 
recombine.  This is a result of a small (but non-zero) electric field present within this 
central region, which is more than an order of magnitude smaller as compared to within 
the adjacent SCRs.  Carriers within the recombination zone should follow ohmic J-V 
characteristics. 
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By comparing the carrier concentration profile (Figure 2a) and the potential 
profile (Figure 2b), the extents of the SCRs can be determined in multiple ways.  Areas 
with asymmetric carrier densities are characteristic of SCRs while areas with high 
symmetric carrier densities are present within the recombination zone.  Similarly, within 
the SCRs there is a roughly linear decrease in electric field as you move away from the 
electrode with a smaller constant electric field within the recombination zone.  
Transitions between the SCRs and the recombination zone can be demarcated by large 
changes in carrier concentration, electric field, or changes in the slope of the potential 
profile, and net photogeneration rate. 
In addition to simulations of lateral BHJ devices with uniform illumination and 
applied bias, we also simulated an experiment based on non-uniform illumination, which 
is useful to researchers who would like to spatially resolve transport parameters within 
BHJ materials.  This has been demonstrated recently with an experimental method called 
Scanning Confocal Photocurrent Microscopy (SCPM), which utilizes common confocal 
microscopy tools.19 SCPM measurements have been used to determine the size of the 
SCRs with a lateral BHJ device under various biasing and illumination conditions.  The 
total photocurrent of the same 20 μm lateral BHJ device was simulated for a laser spot 
with a FWHM of 0.5 μm at many discrete points along the transport channel.  The total 
collected photocurrent as a function of excitation position is shown as the discrete points 
in Figure 2a.  The areas of high collected photocurrent correspond to the extents of the 
SCRs adjacent to each electrode.  Between the SCRs, there is a greatly reduced amount 
of photocurrent being collected as the laser excitation occurs within the recombination 
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zone and most of the photogenerated charges recombine.  For laser excitation within the 
recombination zone, the total simulated photocurrent is 141 mA/cm2.  This is same value 
for simulations that only have uniform illumination and no positional dependent laser 
excitation which confirms that in an ideal system, any photogenerated carriers within the 
recombination zone recombine and do not contribute to the overall net photocurrent 
within a lateral BHJ device. 
5.3 Photocurrent vs. Device Length 
Photocurrent vs. device length from P3HT:PCBM lateral BHJ devices with 
lengths ranging from 100 nm to 20 μm were measured under AM1.5 illumination at 
various reverse bias conditions and are shown in Figure 3. The photocurrent increases as 
a function of reverse bias as well as of device length until the device length reaches about 
5 μm.  This is expected as most carriers that are photogenerated in the SCRs will be 
efficiently extracted and will contribute to photocurrent within the device.  As the size of 
the SCRs has been previously shown to be 2-5 μm in these materials under the stated 
experimental conditions,12,15,16 increases in device length up to this point should contribute 
to additional extracted photocurrent. As the device length continues to increase, only the 
length of the recombination zone – and not the SCRs – increases and very few additional 
carriers will exit the device and contribute to photocurrent.  This transit length 
characteristic is shown in the inset of Figure 3 where device length is plotted on a linear 
scale.  As the device length increases beyond 5 μm, the photocurrent flowing in the BHJ 
device saturates due to a few additional photogenerated carriers contributing to the 
photocurrent.  The trends present in the photocurrent vs. device length data support the 
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existence of three transport regions and their characteristics described in the theory 
section. 
5.4 Scanning Confocal Microscopy 
The technique of Scanning Confocal Photocurrent Microscopy (SCPM) is one 
where an electronic device is raster scanned across a focused laser beam and the extracted 
photocurrent is measured via lock-in detection.  This creates a map of the photogenerated 
carrier collection as a function of the location of carrier generation. Additionally, 
reflection and fluorescence information can be simultaneously acquired using the SCPM 
technique, which allows for the spectroscopic analysis of samples being tested.24 SCPM 
is related to a technique called laser beam induced current (LBIC) which has been 
previously used to study morphology, photocurrent generation, and local current vs. 
voltage analysis in numerous material systems used for photovoltaic cells including 
silicon,25 cadmium telluride,26 copper indium gallium diselenide,27 and organic BHJs.28, 29  
A schematic illustration of the SCPM measurement setup is shown in figure 4a. 
SCPM measurements were performed on a 20 µm long lateral BHJ device with a 
BHJ layer of PSBTBT, poly[(4,4′-bis(2-ethylhexyl)dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-
alt-(2,1,3-benzothiadiazole)-4,7-diyl], and PCBM, [6,6]-phenyl C61-butyric acid methyl 
ester, at applied bias values of -100 V, -150 V, and -200 V and with a white light bias 
when appropriate.  The applied bias values correspond to electric field strengths of -0.5 x 
105 V/cm, -0.75 x 105 V/cm, and -1.0 x 105 V/cm respectively and are consistent with the 
internal electric field strength found in typical OPV devices at short circuit conditions.  A 
schematic illustration of the lateral BHJ device structure is shown in Figure 4b and a 
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reflectance image of the measured lateral BHJ device is shown in Figure 4c. The 
reflectance image shows that the light reflected by the aluminum cathode is greater then 
the amount of reflected light coming off the gold anode, and this can be used to confirm 
the orientation of the device during measurement.  A complete description of the 
measurement setup and device architecture can be found in the Experimental section. 
An SCPM photocurrent image taken at –100 V applied bias and no white light 
bias is shown in Figure 5a.  Photocurrent peaks can be seen extending inward a few 
microns from either electrode.  These areas of high carrier collection efficiency 
correspond to the lateral extents of the SCRs.  Between the SCRs, there is a region of low 
photocurrent (carrier collection efficiency), which corresponds to the recombination 
zone.  Photocurrent maps taken at -150 V and -200 V applied biases are shown in Figure 
5b and Figure 5c respectively. As the applied bias increases, the photocurrent peak 
heights as well as the extents of the space charge regions also increase.   
The device architecture allows all the lines in the photocurrent map to be 
averaged to generate photocurrent collection profiles that can be used to quantify the 
SCR regions.  The data in Figs. 5a-c were used to create the profiles shown in Fig. 2d.  
Several different methods were used to quantify the decay of the photocurrent peak.  
Fitting the portion of the peak adjacent to the SCR with an exponential decay yielded the 
smallest residuals. As a result, the photocurrent collected as a function of laser excitation 




 for electrons and 𝑱 ∝ 𝒆(
𝒙!𝑳
𝑳𝑨!
)for holes in the case where 
the cathode is located at 𝒙 = 𝟎 and the anode is located at 𝒙 = 𝑳.  The finite diameter of 
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the laser spot results in a peak in the collected photocurrent that is not directly at the edge 
of the electrode.  In the case of both the anode and the cathode, the peak is shifted by 
~2.1 µm toward the center of the device.  Taking into account this instrument broadening, 
the length of the SCR adjacent to the cathode is 𝑳𝑪 = 𝑳𝑪!
𝟐 + (𝟐.𝟏  𝝁𝒎)𝟐 and the length 
of the SCR region adjacent to the anode is 𝑳𝑨 = 𝑳𝑨!
𝟐 + (𝟐.𝟏  𝝁𝒎)𝟐 . Fitting to the data 
in Fig. 2d, the length of the space charge region adjacent to the cathode is 2.50 µm, 2.67 
µm, and 2.83 µm for applied biases of -100 V, -150 V, and -200 V respectively.  
Similarly, the length of the space charge region adjacent to the anode is 2.77 µm, 3.07 
µm, and 3.26 µm for applied biases of -100 V, -150 V, and -200 V respectively.   
To determine the effect of adding white light to the system, the above SCPM 
measurements were repeated with a white light bias of 150 mW/cm2.  It is predicted that 
the addition of photogenerated carriers via a constant white light source will fill energetic 
traps and should increase distance from the electrodes where photogenerated carriers can 
be efficiently collected.  The carriers that are generated from the white light source will 
not be measured in the photocurrent collection as they will be filtered out by the lock-in 
detection.  Fig. 6a shows the photocurrent mapping with an applied bias of -100 V and a 
150 mW/cm2 white light bias.  By comparing the SCPM measurements with and without 
light bias, the addition of a white light bias increases the size of the space charge region 
by about 40% for both electrons and holes.  SCPM photocurrent maps for applied biases 
of -150 V and -200 V under a white light bias of 150 mW/cm2 are shown in Figure 6b 
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and Figure 6c respectively.  For these increased voltage biases, the length of the SCRs 
have increased under white light bias as compared to dark conditions. 
Using the data analysis procedure described previously, the photocurrent maps 
have been averaged over all rows in the image to create a photocurrent profile under 
white light bias, which is shown in Fig. 3d.  Using the same data fitting methodology, the 
length of the SCRs have been extracted under white light bias.  The length of the space 
charge region adjacent to the cathode is 3.66 µm, 4.07 µm, and 4.87 µm and the length 
adjacent to the anode is 3.66 µm, 4.47 µm, and 4.88 µm for applied biases of -100 V, -
150 V, and -200 V respectively.  All of the extracted drift length values for the 20 µm 
lateral BHJ device are listed in Table 1. 
Since the lengths of the space charge regions for the cathode and the anode are 
equal under white light bias, the mobility of electrons and holes should be approximately 
equal and can be extracted using Eq. 1.  By setting the photocurrent equal to -200 nA 
which is the total measured photocurrent with an applied bias of -200 V, the mobility of 
both electrons and holes is roughly 3x10-4 cm2/V*s which is consistent with previous 
reports of PSBTBT:PCBM.[8, 20-22] 
As these results clearly demonstrate, the SCPM technique is capable of directly 
measuring the spatial extents of the space charge regions in lateral BHJ devices.  The 
lateral extent of the space charge regions in the PSBTBT:PCBM system are a 3-7 µm 
which should not be a efficiency limiting factor for use in vertical OPV cell structures as 
the typical vertical OPV cell has a carrier transit distance which is no more than a few 
hundred nanometers.  However, the size of the SCRs yields important fundamental 
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information for studying charge carrier transport and recombination mechanisms within 
BHJ devices. Modifications to the applied bias and the addition of a white light bias 
result in predictable changes to the size of the SCR as predicted by previously published 
work.  By comparing the size of two SCRs the asymmetry in electron and hole mobilities 
can be estimated.  Specifically, under a white light bias and applied biases that mimic 
typical operating conditions, the extents of the SCRs for both the anode and cathode are 
approximately equal.  This implies that the mobility asymmetry is low, which is to be 
expected from high performance OPV materials such as PSBTBT:PCBM. 
It is well known that C70-PCBM has shown better performance in OPV blends.  To 
compare the changes in device function, we fabricated devices with blends of 
PSBTBT:C70-PCBM.  Figure 7a shows a typical SCPM image under a 150 mW/cm2 white 
light bias of a 15 μm device, with a 100 V reverse bias.  One photocurrent peak can be 
seen decaying away from the cathode a few microns.  Figure 7b and 7c show the same 
image at a reverse bias of 150 V and 200 V, respectively.  With increasing bias, the 
photocurrent peak height increases and extends outward, and a second peak grows in at 
the other electrode, the anode.  Cross sections of the device under a reverse bias of 100 V, 
150 V, and 200 V is shown in Figure 7d, in which the line scans were averaged across the 
entire device in order to quantify the SCR regions.  The analysis of the SCR regions is 
reported earlier.15 Again , the peaks do not appear at the electrodes due to the finite 
diameter of the laser spot, and must be corrected in the analysis.  Correcting for the 
instrument broadening, the SCR region becomes LC = (LC’2 + (1.4 μm)2)1/2 for the cathode 
and likewise LA = (LA’2 + (1.4 μm)2)1/2 for the anode.  Fitting the data, shown in the red 
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plots of Figure 7d, it was found the SCR adjacent to the cathode are 2.10 µm, 4.71 µm, 
and 5.50 µm for an applied reverse bias of 100 V, 150 V and 200 V, respectively.  The 
length of the SCR adjacent to the anode was found to be 1.45 µm, 1.47 µm, and 1.48 µm.  
The size of the SCR region increases with increasing bias for the accumulated holes, and 
furthermore we show the SCR for accumulated holes is much greater than that for 
accumulated electrons for this device.  Earlier we reported under white light bias with a 
PSBTBT:PCBM (C61) device the SCRs for electronics and holes were nearly equal.  
However, here we have shown replacing the acceptor with C71-PCBM greatly increases 
the transit lengths of the holes, but the electron transport length greatly diminishes.  
However, it is found the overall device performance of a vertical cell is enhanced with 
C71-PCBM, which we attribute to a greater absorption in the visible wavelengths.28  Table 
2 shows the size of the space charge regions in each of the materials (P3HT:PCBM, 
PSBTBT:PCBM, and PSBTBT:C70-PCBM). Based on these results, we believe that using 
BHJ materials with matched electron and hole mobilities will result in OPV cells with 
increased power conversion efficiencies compared to devices which have highly 
asymmetric carrier mobilities. 
SCPM and other measurements of lateral BHJ devices provide charge transport 
and recombination information that is complementary to what can be acquired from 
traditional vertical OPV devices. For example, changes in morphology of a device can be 
studied using SCPM and directly related to changes in SCR. This information on the loss 
mechanisms within BHJ materials can provide researchers with insight on how to better 
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Lateral BHJ Devices: Lateral BHJ devices were fabricated on a glass substrate.  
Asymmetric electrodes were defined through two sets of photolithography: one for the 
aluminum (Al) cathodes and one for the gold (Au) anodes.  These metals were chosen to 
help suppress reverse bias carrier injection within the lateral BHJ device.  Each of these 
metals was thermally evaporated with a thickness of 500 Å.  The device length was either 
15 or 20 µm with a 𝑊 𝐿 = 50.  Before deposition of the BHJ layer, the substrate was 
dipped in a phosphoric acid solution to dissolve any aluminum oxide present on the 
surface of the Al electrodes.  This was followed by a solvent clean to degrease the 
substrate, which consisted of acetone, methanol, and isopropyl alcohol.  The BHJ 
absorber layer was deposited from a 12 mg/mL solution of PSBTBT:C60-PCBM (Or C70) 
(1:1.5 by weight) dissolved in dichlorobenzene that was heated to 120° C for more than 
12 hours.  The BHJ was spun-cast on the prepared substrates at 1000 rpm for 60 seconds 
and this was followed by encapsulation and annealing at 120° C for 10 min. in a nitrogen 
atmosphere.  
 
Scanning Confocal Photocurrent Microscopy: The image maps were obtained using an 
Ar Ion Laser selected at 514 nm for excitation, which was focused through a extra long 
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working distance 60x magnification Nikon objective.  The size of the focal spot was 
estimated to be ~600 nm in diameter as determined by scanning across a step edge in a 
patterned metal film. For sample scanning capabilities a Physik Instrumente (PI) 
piezoelectric stage (model E-501.00) was mounted onto a Nikon Diaphot 300 inverted 
microscope. The excitation beam was chopped at 140 Hz using a Thorlabs Optical 
Chopper (Model MC2000).  The photocurrent flowing in the lateral BHJ device was 
amplified using a Stanford Research Systems model SR570 low noise current 
preamplifier and measured using a Stanford Research Systems model SR830 lock-in 
amplifier.  The fluorescence and reflectance were collected simultaneously using a 50/50 
beam splitter and were collected using two Micro Photon Devices (MPDs).  The lateral 
BHJ devices were biased using a Keithley 6430 Sub-Femtoamp Remote SourceMeter.  
White light illumination was provided using the quartz tungsten halogen microscope 
illuminator provided with the Nikon Diaphot 300 inverted microscope and had an 
intensity of 150 mW/cm2. 
SCR Exponential Fitting:  The lateral extents of the SCRs were fit using IGOR Pro 
6.22A.  The convolution of a gaussian beam profile and an exponential decay function to 
model the photocurrent profile leads to some areas within the data profile which are not 
exponential.  These regions occur near the edge of the device where the photocurrent 
peak occurs as well as in the central recombination zone where the photocurrent is low.  
Therefore, the areas used to fit to the length of the SCRs were chosen by plotting the 
photocurrent data on a log scale and fitting only the portion of the photocurrent profile 
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that is approximately linear.  This produces regions of data to be fit along the central 
shoulders of the peaks.  Additionally the error in the length of the SCRs has been 
















Figure 5.2: a) Carrier concentration as a function of position (solid lines) for a 
numerically simulated 20 μm lateral BHJ device under uniform illumination.  The dotted 
line shows the amount of collected photocurrent as a function of excitation position with 
a simulated laser spot with a FWHM of 0.5 μm as well as uniform illumination. b) 
Simulated electric field and potential profile for the same 20 μm lateral BHJ device.  
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Figure 5.3: Photocurrent vs. device length (log-scale) for P3HT:PCBM lateral BHJ 


















Figure 5.4: a) An illustration of a scanning confocal photocurrent microscopy (SCPM) 
experimental setup, b) an illustration of a lateral BHJ device, and c) a reflectance image 





Figure 5.5: Photocurrent maps taken from a 20 µm lateral BHJ device with a a) -100 V, b) 
-150 V, c) -200 V externally applied bias.  d) Extracted photocurrent profiles (dots) and 
data fits (red lines) to extract the SCR lengths from the same lateral BHJ device.  






Figure 5.6: Photocurrent maps taken from a 20 µm lateral BHJ device under 150 mW/cm2 
white light bias with a a) -100 V, b) -150 V, c) -200 V externally applied bias.  d) 
Extracted photocurrent profiles (dots) and data fits (red lines) to extract the SCR lengths 







Figure 5.7: Photocurrent maps taken from a 15 μm PSBTBT:C71-PCBM lateral BHJ 
device under 150 mW/cm2 white light bias with an externally applied reverse bias of a) 
100 V, b) 150 V, and c) 200 V.  d) Extracted photocurrent profiles (dots) and data fits 
(red lines) to extract the SCR lengths from the same lateral BHJ device.  Photocurrent 


















-100 V 2.50 µm 2.77 µm 3.66 µm 3.66 µm 
-150 V 2.67 µm 3.07 µm 4.07 µm 4.47 µm 
-200 V 2.83 µm 3.26 µm 4.87 µm 4.88 µm 
Table 5.1: Extracted SCR lengths for the SCPM measurements made at -100 V, -150 V, 





























P3HT:PCBM PSBTBT:PCBM12 PSBTBT:C71-PCBM 
Cathode SCR Anode SCR Cathode SCR Anode SCR Cathode SCR Anode SCR 
0.5 x 105 
2.3 μm 2.7 μm 
3.7 μm 3.7 μm   
0.66 x 105   2.1 μm 1.5 μm 
0.75 x 105 4.1 μm 4.5 μm   
1.0 x 105 4.9 μm 4.9 μm 4.7 μm 1.5 μm 
1.3 x 105     5.5 μm 1.5 μm 
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Chapter 6: Photocurrent and fluorescent mapping of P3HT:PDI devices 





 Morphology of thin film photovoltaics occurs on length scales from a few 
nanometers to orders of magnitude larger.1-3  Understanding the morphology on each 
length scale is pertinent to understanding charge generation, separation, and transfer.  For 
example, the blend PFB (poly(9,9′-dioctylfluorene-co-bis-N,N′-(4-butylphenyl)-bis-N,N′-
phenyl-1,4-phenylenediamine)) and F8BT (poly(9,9′-dioctylfluorene-co-
benzodiathiazole)) form large phase segregated islands.  Although PFB and F8BT do not 
make efficient solar cells, they have the unique ability to allow us to study the 
fundamental physics of charge separation and transport, due to their relatively large 
morphological regions.  For example, the exciplex, where the hole and electron 
radiatively recombine from a charge-transfer state can be easily observed in these 
materials at the interface of the phase separated regions.4 This work is preliminary data, 
in which we use three derivatives of perylene diimide (PDI) blended with poly(3-
hexylthiophene) [P3HT].  PDI is used because it has a high quantum yield,5 has a 
tendency to aggregate and form different molecular architectures,6 and has also been 
shown to yield high mobilities in organic field effect transistors (OFETS).7   Substituting 
different side chains, which also change the solubility of PDI, can change the 
morphology of films.  Figure 1A is a perylene diimide derivative that is not very soluble 
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in solution with P3HT, while figure 1B is a highly soluble derivative and figure 1C is the 
soluble PDI attached to a polymer backbone.  The three PDIs will be shortened to 
insoluble PDI (ns-PDI), soluble PDI (s-PDI) and polymer-PDI (PPDI) for simplicity.  
Additionally, the PPDI is expected to have good energy transfer due to the unique ability 
of self-aggregating in good solvents to form an H-aggregate, characterized in Chapter 4.  
Techniques to study such systems include near-field optical microscopy, conductive 
AFM, and confocal microscopy.8-11 This last chapter of my dissertation is preliminary 
data for using near-field and confocal microscopy to image the morphological changes in 
photocurrent and fluorescence in different morphologies.  We also report on methods to 
correlate chemical composition to the morphologies by obtaining fluorescent spectra at 
every pixel.  
Results  
In order to first characterize the electronic properties of the films, devices were 
made by spin coating PEDOT:PSS on top of patterned ITO.  The active area (blend of 
PDI/P3HT) was then spin coated in a glove box to make an approximately 100 nm film.  
Finally Al was evaporated through a shadow mask to complete the device.  For 
microscopy purposes, a 10 nm layer of Al was evaporated and the samples were imaged 
through the Al or the devices were made on cover glass coated with ITO, with 100 nm of 
Al and the devices were imaged through the glass. 
Figure 2A-C show the current-voltage (IV) curves in the light and dark for the 
three derivatives blended with a weight ratio of 1:1 P3HT:PDI.  Figure 2A is the IV curve 
for the S-PDI and is the most efficient device fabricated. The short circuit current (JSC) is 
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0.516 mA/cm2 and the VOC is ~.2 V, while ns-PDI performed an order of magnitude less 
efficient, the VOC has tripled, but the JSC is only 4.324 uA/cm2.  The PPDI efficiencies 
(Figure 2C) are similar to the S-PDI, where the JSC is slightly lower but the VOC is also 
~.2 volts.  In order to understand why the ns-PDI performs so much worse than the other 
PDIs, fluorescence optical micrographs are shown in figure 3A-3C.  Due to the high 
fluorescence yield of PDI, the red in the images is fluorescence from the PDI only and 
the P3HT is mostly quenched.  Figure 3A is the PPDI blended with P3HT and reveals 
large regions of phase segregation.  Figure 3B is the S-PDI with P3HT and although it 
also shows quite larger areas of phase segregation, it also reveals regions in which there 
is strong intermixing between the two materials.  Finally, in figure 3C, the NS-PDI has 
formed crystals on top of the P3HT.  Some inferences can be made from the images as to 
why the S-PDI are the most efficient devices, which is most likely due to the small scale 
intermixing of the two materials while the NS-PDI forms large crystals and appears to be 
weakly mixed.   
In order to further explain charge generation of these materials, scanning 
photocurrent microscopy was employed.  The method is described in the previous 
chapters of this dissertation.  Briefly, either near-field optical microscopy (NSOM) or 
confocal microscopy was used to image the photocurrent and the fluorescence, 
simultaneously.  For near-field, pulled fiber optic tips coated with 100 nm of aluminum 
was used to probe the sample.  Laser light at 532 nm was coupled into the fiber optic, and 
the tip was held at a constant height while the sample was scanned in an Aurora 
microscope using a piezo-electric stage in order to collect topography, electrical, and 
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optical images.12-15  The confocal images were collected using 514 nm laser light selected 
from an Ar Ion laser.  The sample was imaged using a Nikon microscope with an oil 
immersion objective and the corresponding fluorescence and photocurrent images were 
simultaneously collected.  An Andor EM-CCD camera was coupled into the confocal 
microscope to simultaneously collect the spectra at each pixel.   
Figure 4A is a topography image taken with the NSOM of a P3HT:NS-PDI film.  
Three crystals can be seen as raised features.   The photocurrent in figure 4B shows 
increased photocurrent in regions that correlate to the topography.  Finally, fluorescence 
image in figure 4C shows areas in which the fluorescence spikes.  The raised features 
correlate directly with the fluorescence and photocurrent, and are attributed to regions in 
which there are PDI crystals.  These small crystals seen in the NSOM images reveal that 
the photocurrent is predominantly coming from these areas.  However, there is one spike 
in the photocurrent in a region that does not correlate to the topography or the 
fluorescence, but has the same shape as the other crystals.  It is believed to be an 
embedded crystal, completely surrounded by P3HT and the fluorescence is quenched.    
This image shows that the more contact the donor and acceptor materials have, the higher 
photocurrent observed.  Also, the large amount of quenching is also a sign of significant 
energy transfer between the PDI crystals and the P3HT in this area.   
Although NSOM has the unique ability to measure the topography and it was 
shown how this could be used to correlate photocurrent based on where crystals formed 
in the film, the low signal to noise and difficulty to make functional devices with 10 nm 
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of Al brought us to use confocal microscopy for the rest of the devices.  Confocal is 
useful because the devices can be encapsulated and imaged through the ITO. 
Figure 5 shows correlated photocurrent and fluorescence maps of all three PDI 
derivatives blended with P3HT.  Figure 5A and 5D are the NS-PDI blends.  The crystals 
are much larger than what was seen using NSOM, which is because the large crystals had 
to be avoided in order to achieve high resolution images, without knicking the tip.  The 
images show high photocurrent near the edges of the crystals, and little photocurrent on 
top of a crystal.  Most of the photocurrent is actually observed in the P3HT.  This is the 
opposite of what was seen in the NSOM and is expected to be due to the large crystals 
having a lower surface area and less mixing with the P3HT.  Due to the large size of the 
crystals, most likely the excitons cannot diffuse out of the system when generated on a 
large PDI crystal.  Figure 5B and E are the photocurrent and fluorescence maps of S-PDI.  
In both images, the fluorescence and photocurrent are very uniform.  Finally, in 5C and 
F, the photocurrent and fluorescence maps of PPDI blends show similar morphology to 
the fluorescence optical micrographs.  The fluorescence maps in 5C and F is anti-
correlated, in which the bright spots in the image appear as low fluorescence regions.  
However, there are features in the photocurrent image that do not correlate with the 
fluorescence.   
The last technique developed was to simultaneously obtain fluorescence spectra at 
each pixel.  Figure 6A-C show the normalized fluorescence in different regions of the 
films in figure 5.  Figure 6A is of the NS-PDI blend and is the only film that shows 
heterogeneity.  The low fluorescent region shows spectra that are very similar to P3HT 
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films, while the high fluorescent regions show broad peaks typical of PDI excimer 
emission.  Most likely, this is due to the non-soluble nature of the PDI, which tends to 
aggregate.   There is little or no PDI intermixed with the P3HT and only the crystals are 
PDI rich.  In Figure 6B and 6C, the spectra in each region are very similar, meaning the 
PDI is continuously mixed with P3HT.  Although, this technique cannot quantify the 
amount of material mixing, it can definitively answer why the NS-PDI is much less 
efficient.  In order to obtain efficient charge separation, donor and acceptor materials 
must be well intermixed. 
We developed microscopy techniques to image the morphology of organic 
photovoltaics and correlate morphology to photocurrent and fluorescence.  In order to 
make this technique more quantifiable, it will be used in conjunction with other 
experiments, such as time of flight – secondary ion mass spectrometry (TOF-SIMS) in 
order to first reveal high-resolution chemical compositions of a film.  Other such 
experiments should use materials that do not have overlapping fluorescence spectra.  
However, materials such as PDI are extremely useful because their morphologies can be 
well controlled.  This work was able to explain how the different morphologies affected 
charge separation and that more intermixing of the materials leads to higher photocurrent, 







Figure 6.1:  Derivatives of perylene diimide (PDI).  A) is an insoluble form of PDI, B) is 
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Figure 6.2:  Current-voltage curves of 1:1 blends of A)P3HT/Soluble PDI, B) P3HT/Non 
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Figure 6.3:  Fluorescence optical micrographs of films.   Images are  A) P3HT/PPDI, B) 







A) B) C) 
 120 
 
Figure 6.4: Near-field optical microscopy (NSOM) of P3HT/NS-PDI devices.  A) 






















 Figure 6.5:  Scanning confocal microscopy images.  A-C) are local photocurrent maps of 
P3HT/NS-PDI, P3HT/S-PDI and P3HT/PPDI, respectively. D-F) are fluorescence images 
of the corresponding photocurrent images taken simultaneously.    Images are 20 um x 20 









Figure 6.6: Local  normalized spectra of P3HT/PDI blends.  The average spetra for low 
and high counts are plotted.  A) P3HT/NS-PDI spectra of the low fluorescent region and 
high fluorescent regions, as well as the PDI crystals.  B) P3HT/S-PDI spectra of bright 
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